Objectives. We provided vaccination coverage estimates for 181 counties; evaluated the extent to which Healthy People 2010 (HP 2010) vaccination coverage objectives were achieved; and examined how variations in those estimates depend on access to care and economic conditions.
Public health issues originate in small geographic areas, such as counties. Outbreaks of vaccine-preventable diseases can be reduced nationally if they are reduced within these areas. Additionally, local health authorities need data to make informed health policy decisions. While a state's estimate of vaccination coverage is useful for administrative purposes, it may conceal low vaccination coverage among some of its counties, particularly in counties where many children have characteristics that are associated with low coverage. Thus, information on vaccination coverage in counties can help evaluate the extent to which children in those areas are at risk for acquiring vaccine-preventable diseases and provide local public health officials with relevant data to help improve vaccination coverage.
The purpose of this article is to explore how vaccination coverage among children 19 to 35 months of age varies among selected U.S. counties; to evaluate the extent to which Healthy People 2010 (HP 2010) objectives of 90% vaccination coverage for individual vaccines and 80% coverage for vaccine series have been achieved in those counties; and to study how variation in estimated county-level vaccination coverage rates depends on county-level indices of access to care, economic conditions, and demographic composition.
METHODS

Design of the National Immunization Survey (NIS)
For this study, the authors analyzed data collected in the NIS for the years 2004 and 2005. The NIS is a survey of U.S. children 19 to 35 months of age conducted by the Centers for Disease Control and Prevention (CDC) to monitor vaccination coverage rates in the U.S. Between 1994 and 2005, the NIS consisted of independent quarterly surveys that were conducted in defined geographic areas in all 50 states and the District of Columbia.
NIS data are collected in two phases. First, a listassisted random-digit-dialing (RDD) survey is conducted of households with children aged 19 to 35 months that also have landline telephones. This survey is then followed by a vaccination provider record check (PRC). Cell phone numbers are not included in the list of telephone numbers from which the RDD sample is obtained. When a household with an ageeligible child is identified in the RDD phase of the survey, a telephone interview is conducted to collect demographic information about each age-eligible child in the household and the age-eligible child's mother, sociodemographic information about the household, and the street address of the household. The county is determined from the household's street address and area code. At the end of the interview, consent is requested for contacting the age-eligible children's vaccination providers. If consent is given, the PRC phase of the NIS is conducted. In the PRC phase, all vaccination providers named by the RDD respondent are contacted by mail to obtain the child's vaccination history.
Vaccination histories obtained from the PRC were used to evaluate the vaccination status of children sampled in the NIS. The NIS was reviewed and approved by the institutional review board at CDC in 2001 and 2006. Zell et al. 1 and Smith et al. [2] [3] [4] provided detailed descriptions of the statistical methods used by the NIS. In this article, the 2002 survey weighting methodology 4 was used for both 2004 and 2005.
Coverage of 19-to 35-month-old children and NIS response rates
The response rate of the NIS is the product of three rates: (1) the estimated percentage of households that reported in the NIS RDD interview as having a 19-to 35-month-old child among those that actually had a 19-to 35-month-old child; (2) the Council of American Survey Research Organizations (CASRO) rate 5 of the RDD portion of the NIS; and (3) among households with a completed RDD interview, the percentage of sampled children for whom an adequate provider-reported vaccination history was obtained in the PRC.
The CASRO rate is the multiplicative product of the resolution completion rate, the screener completion rate, and the RDD interview completion rate. The resolution completion rate is the proportion of telephone numbers determined to be residential, nonresidential, or nonworking among all telephone numbers in the NIS sample. The screener completion rate is the proportion of sampled households that were successfully screened as either having an age-eligible child or not, among all RDD calls made to telephone numbers determined to be residential. The RDD interview completion rate is the proportion of households that completed the NIS RDD interview, among all households with at least one child who was 19 to 35 months of age.
Among households that had a landline telephone and a 19-to 35-month-old child, the percentages of households that reported having a 19-to 35-month-old child in the RDD portion of the NIS were 70.6% in 2004 and 70.0% in 2005. Also, the CASRO rates were 65.1% in 2004 and 67.0% in 2005. Among households of age-eligible children who had a completed NIS
Statistical analyses
We analyzed data from 24,031 children 19 to 35 For each county, direct estimates of vaccination coverage were obtained for the 2004 and 2005 survey years. Then, for each county, a weighted average of the two annual direct estimates of annual vaccination coverage was obtained to yield a composite direct estimate of vaccination coverage across the 2004 and 2005 survey years. The weights used in that average were selected to minimize the variance of the composite estimate and were proportional to the reciprocals of the estimated variances of the annual direct estimates. For geographic areas as small as counties, composite direct estimates from the NIS can be unreliable because few observations may be obtained within some counties.
To obtain more precise estimates of county-level vaccination coverage, we used the James-Stein methodology. [7] [8] [9] [10] [11] The James-Stein estimate of the log-odds of a county's vaccination coverage estimate is a weighted average of two estimates: (1) the log-odds of the county's composite direct estimate of vaccination coverage and (2) an indirect estimate; i.e., the predicted logodds of the coverage rate from the regression of the log-odds of the 181 counties' composite direct estimates on county-level predictors. Therefore, the James-Stein estimate of each county's vaccination coverage is based on the 24,031 children who had adequate provider data from all of the 181 counties in the 2004 and 2005 NIS. As a result, a county's James-Stein estimate can have substantially greater precision than the county's composite direct estimates of vaccination coverage that are based only on data from that county. 7, 12 If the mathematical assumptions underlying the James-Stein methodology are fulfilled, estimators of the log-odds from that methodology have minimum variance among the class of all unbiased estimates. 9 County-level vaccination coverage estimates were obtained by transforming the estimated log-odds obtained from the James-Stein methodology into percentages.
To obtain the indirect estimate of vaccination coverage, we first identified county-level factors associated with variation in the log-odds of composite direct estimates of vaccination coverage. Candidates for the county-level factors included 35 variables derived from the 2005 Area Resource File; 13 economic indices collected by the Economic Research Service, U.S. Department of Agriculture; 14 indices of access to care collected by the American Medical Association; 15, 16 and demographic data published by the Census Bureau. 17 Table 1 lists those 35 variables along with their official definitions. The Department of Health and Human Services combines data from these three sources annually and publishes them in the Area Resource File. 13 Forward stepwise regression was used to select predictors among the 35 candidates to explain variation in the log-odds of composite direct estimates of vaccination coverage. The Schwarz information criterion 18 guided the choice of predictors at each step, and the R 2 statistic 19 was used to summarize the proportion of the total variation among the log-odds of direct estimates explained by the selected predictors.
The indirect estimate of the log-odds of vaccination Urban influence is designated by either (1) a county designated as a metropolitan area with at least one million residents or more, (2) a county designated as a metropolitan area with fewer than one million residents, (3) designation as a micropolitan area (i.e., an urban area based around a core city or town with a population of 10,000 to 49,999) adjacent to a large metro area, or (4) designation as a noncore adjacent to a large metro area. coverage rate required by the James-Stein methodology was obtained using those selected predictors. Because the log-odds of vaccination coverage increase monotonically with increasing vaccination coverage, in this article we report predictors found to be positively associated with the log-odds of direct estimates as being positively associated with vaccination coverage. We used the R statistical software package 20, 21 for all calculations.
The Figure For a specific vaccine, we let Y i denote the log-odds of the i-th county's composite direct estimate of vaccination coverage that accounts for the National Immunization Survey design and sampling weights. Also, let Y5(Y 1 ,...,Y 181 ) T denote the vector of composite direct vaccination coverage estimates for the 181 counties. We assume that Y has a multivariate normal distribution with mean vector y and diagonal variance-covariance matrix D5diag(d 1,1 ,...,d 181,181 ), where the d i,i are known. In our work we take d i,i equal to the estimated variance of Y that accounts for the survey design and sampling weights, i 5 1,...,181. Next, we assume that the vector y is a random variable drawn from a superpopulation model that has a multivariate normal distribution with mean vector X b and variance covariance matrix s 2 I, where X is a matrix of predictor variables, b is an unknown vector of regression coefficients, s 2 is an unknown scalar, and I is a 1813181 identity matrix. When s 2 is known, the James-Stein estimator of the log-odds of vaccination coverage is
and has minimum variance among the class of linear estimators that are unbiased. a The variance associated with y is
Ignoring additive constants, the log-likelihood is
where b{ 5X(X T (Ds 2 I ) 21 X) 21 As candidates for the predictor variables X, we used 35 variables derived from the 2005 Area Resource File. g Forward stepwise regression was used to select predictors among these candidates. At each step of the stepwise selection process, the regression model examined all main effects and allowable second-order interactions among the candidate predictors, and reexamined each regressor in the model to determine whether any predictor that entered at a previous step could be dropped. The Schwarz information criterion h guided the choice of the optimal set of candidate regressors at each step. We noted the proportion R 2 of the total variation in the estimated log-odds that was explained by the predictors selected in the final model. Across all individual vaccines and vaccine series we report, the interquartile range of the difference between the percentage estimate obtained from the James-Stein methodology and the direct estimate generally ranged from 25% to 15%. Also, the percentage by which the standard error was reduced using the James-Stein methodology, compared to the standard error of the direct estimate, was approximately 55%. the estimated coverage rates obtained from the James-Stein methodology met or exceeded the vaccination coverage objectives. To account for multiple testing in our evaluation of whether a county-level estimated vaccination coverage rate was significantly less than the HP 2010 vaccination coverage objective for each of the 181 counties, we used the Benjamini-Hochberg multiple comparison method. 22 Our use of the Benjamini-Hochberg method ensures that no more than 5%, on average, of the counties identified by the method as achieving the vaccination coverage objective are falsely identified. A statistically significant difference was found between the direct estimates of vaccination coverage of the selected 181 counties combined and the remaining sampled counties combined for all vaccine series studied and all individual vaccines, except for MMR. However, these differences were small and less than 1% except for the 3:3:1:3:3 series, where the difference was 1.6% ( Table 2) .
RESULTS
Representation of the 181 counties
Achievement of HP 2010 objectives and county variation in estimated vaccination coverage
Across all individual vaccines and vaccine series, the interquartile range of the difference between the James-Stein estimate and the direct estimate generally was 25% to 15%. Also, estimated standard errors of James-Stein estimates were approximately 55% less than the estimated standard errors of the direct estimates.
Using the multiple comparison method, none of the 181 counties had estimated coverage for polio, MMR, Hib, and Hep B significantly lower than the HP 2010 coverage objective of 90% ( 
Association of county-level factors with direct estimates of county-level vaccination coverage rates
In fitting the forward stepwise regressions to obtain indirect estimates of the log-odds of county-level vaccination coverage rates for the James-Stein estimates, we found that, in general, counties with lower estimated vaccination coverage rates were designated as experiencing housing stress; had a higher number of children aged 0-17 per capita living in poverty; were home to a higher percentage of black children among children ,5 years of age; had a higher number of general practitioners per capita; had a higher number of bassinets set up in hospitals per capita; or were designated as a nonmetropolitan county (Table 1) . Also, in general, counties with higher estimated vaccination coverage rates were designated as having a higher number of pediatricians per capita; a higher number of people living in group quarters per capita; higher per capita income; a higher number of Asian residents per capita; or being designated as having an economy that depends on federal/state governmental activities (Table 1) . County-level predictors selected in the forward stepwise regressions were highly predictive of estimated vaccination coverage with R 2 values indicating that, depending on the vaccine or vaccine series, between 67% and 88% of the total variation in estimated vaccination coverage rates was explained by the predictors selected.
DISCUSSION
This article provides estimates of vaccination coverage for 19-to 35-month-old children in each of 181 counties for six individual vaccines and three vaccine series. With respect to all of the 19-to 35-month-old children in the U.S., these counties make up 49% of the population and include 83 of the 100 most populous counties. For the individual vaccines and vaccine series we investigated, vaccination coverage for the 181 counties was very similar to the vaccination coverage in the remaining U.S. counties sampled by the NIS, but not included in our evaluation. With respect to the MMR, Hib, and Hep B vaccines, none of the 181 counties had coverage significantly below the HP 2010 objective of 90%. Also, for the 4:3:1:3:3 vaccine series, very few of the 181 counties had an estimated vaccination coverage rate that was significantly below the HP 2010 objective of 80%. Further, our results suggest that none of the 181 counties would have an estimated 4:3:1:3:3:1 vaccination coverage rate that would be significantly less than 80% if children who had received three doses of DTaP/DTP could also receive the fourth dose and if children could be administered one dose of VAR. These results are congruent with a previous study that found that only one more visit to a vaccination provider was required for many children to be fully vaccinated 23 according to the recommendations of CDC's Advisory Committee on Immunization Practices. 24 In general, our results suggest that county-level factors associated with higher county-level estimated vaccination coverage are correlates of greater access to primary care. In particular, our results show that in counties where there is a higher per capita of pediatricians, infants may have greater access to primary care traditionally provided by pediatricians, and this translates into higher vaccination coverage rates. Also, our results show that high county-level vaccination coverage rates were positively associated with per capita living in group quarters. Because the "per capita living in group quarters" variable used in our analyses ( Table 1 ) measured the extent to which a county provided housing, custodial, medical, and other services to residents who live in group quarters, the variable provides an indirect measure of the extent to which the infrastructure of a county is organized to provide access to other medical services for other county residents, such as primary care services to infants. Insofar as this is true, in counties where the per capita living in group quarters is higher, one may expect higher vaccination coverage among infants, as we saw in our results.
Additionally, we found that at the county level, per capita income was positively and significantly associated with higher vaccination coverage rates. In other research, family income has been shown to be a significant predictor of whether individual children are UTD. 25 Because the likelihood of having health insurance rises with income, 26 so does access to primary care and, subsequently, vaccination coverage rates. [27] [28] [29] Finally, our study shows that counties with a higher per capita Asian population have higher vaccination coverage rates. This finding is concordant with other literature that has shown that Asian children have higher estimated vaccination coverage than non-Hispanic white children. 30 The results also suggest that county-level factors associated with lower county-level estimated vaccination coverage include correlates of poverty, such as a higher number per capita of children aged 0-17 living in poverty. In particular, our results show that low county-level vaccination coverage rates are associated with higher levels of housing stress experienced by county residents. Because the housing stress variable used in our analyses (Table 1 ) measured the extent to which 30% or more of the residents in a county live in substandard housing conditions or pay a disproportion-ate amount of their income in rent, the variable is a measure of the extent of county-level poverty. Because poverty is known to be significantly correlated with lower levels of health insurance, 26 access to care, and vaccination coverage, [25] [26] [27] [28] [29] in counties where housing stress is pervasive, one may expect lower county-level estimates of vaccination coverage among infants, as we saw in our results.
Further, we found that lower estimates of countylevel vaccination coverage were associated with the percentage of black children among children ,5 years of age. After adjusting for sociodemographic factors distinguishing black infants from white infants, race/ ethnicity was not a significant independent predictor of vaccination coverage. 31 However, poverty was a significant predictor of vaccination coverage, 25 and the percentage of black Americans living in poverty in 2003 was 34% compared with 13% for white Americans. 26 The results also show that lower county-level vaccination coverage can be expected in counties where the per capita hospitals or the per capita bassinets set up in hospitals is high. These results may suggest that in counties where medical care infrastructure is focused primarily on hospitals rather than the provision of primary care in a medical home, 29 lower vaccination coverage rates may be expected among infants. Children were considered to have a medical home if they had a doctor, nurse, or physician's assistant who provided them with ongoing routine care, including well-child care, preventive care, and sick care. 29 Finally, our results show that in counties where there is a high per capita of general practitioners, lower vaccination coverage rates may be expected. These results are concordant with other studies that have shown that lower vaccination coverage is expected among infants when their vaccination providers are general practitioners compared with pediatricians. 32 County-level estimates are important because public health concerns originate in small geographic areas. For example, studies conducted in inner-city locations in Chicago 33 and Atlanta 34 found a high rate of unvaccinated children among racial/ethnic minority groups living in the surveyed neighborhoods. In Sullivan County, New York, an investigation by the New York State Department of Health identified a mumps outbreak of 31 cases in a population with 96% vaccination coverage. 35 Other work has shown that children who have received no vaccine doses cluster geographically, with the largest numbers of unvaccinated children living in counties in California, Illinois, New York, Washington, Pennsylvania, Texas, Oklahoma, Colorado, Utah, and Michigan. 36 In Ashland, Oregon, 12.3% of all children attending public schools and 18.8% of the children attending day care in 2002 claimed an exemption from mandatory vaccination laws compared with 2.4% for the entire state that year. 37, 38 Experience from the measles resurgence of the late 1980s and early 1990s [39] [40] [41] [42] showed that although statelevel vaccination coverage rates were high, vaccination coverage rates varied in smaller geographical areas and were low among poor children living in 28 cities where the largest measles outbreaks occurred. In response to learning that vaccination coverage was low in specific subpopulations in those 28 cities, the NIS was initially designed to obtain estimates of vaccination coverage in those cities and 40 other geographic areas that make up the remainder of the states to which each of those cities belong.
This article provides estimates of vaccination coverage at a finer level of geographic aggregation and has several notable advantages. Because the data used in our analyses were drawn from a large national survey, and because we pooled that data for two consecutive years and applied the James-Stein estimation methodology, we were able to obtain precise estimates of vaccination coverage for many counties. Because the predictors of vaccination coverage selected from the Area Resource File were highly predictive of countylevel vaccination coverage rates, the predicted values obtained from the regressions of the direct estimates on county-level predictors of vaccination coverage were precise and, consequently, the James-Stein estimates that used those predictions were precise, in general. Although the James-Stein methodology yields precise estimates of vaccination coverage, the sample size for many counties was insufficiently large to identify smaller geographical areas, such as towns and villages within the counties, where vaccination coverage could be lower than in the county as a whole.
Limitations
One potential limitation of our research is that the data were drawn from a survey with only moderate response rates. Although the statistical methodology 4 of the NIS is designed to reduce potential nonresponse bias, it is not known whether that methodology is fully successful in eliminating nonresponse bias. If the methodology is not fully successful in eliminating nonresponse bias, and if nonresponse to the NIS is correlated with not being UTD, then our evaluation could have overestimated vaccination coverage. Drawbacks of conducting vaccination surveillance using the NIS telephone survey have been described by Simpson et al. 43 and Salmon et al. 44 A further potential limitation of our work is that estimates were derived from combining two years of NIS data. Estimates derived from combined data years may be less sensitive to change in vaccination coverage. Also, estimates of the log-odds of vaccination coverage obtained from the James-Stein methodology have minimum variance among all unbiased estimators, if all of the mathematical assumptions specified by the methodology are fulfilled. We note that this is a hazard of all statistical modeling and is not a unique problem to the methodology we have implemented. Moreover, regardless of whether the distributional assumptions required by the methodology were fulfilled, our empirical findings demonstrate that the James-Stein methodology yields an estimated vaccination coverage rate that has greater precision than that of the direct estimate.
Finally, the coverage estimates provided in this article are estimates subject to statistical error. However, the multiple comparison method we used to evaluate whether counties have achieved vaccination coverage objectives were calibrated so that among counties found to have estimated coverage consistent with attaining or exceeding coverage objectives, only 5%, on average, of those counties had a true but unknown vaccination coverage level that was less than those objectives. Further, the estimation and multiple testing methods we applied were useful for identifying counties likely to have lower coverage than others, 45 and could be targeted for further assessment and programmatic efforts to improve vaccination coverage.
CONCLUSION
A desirable goal of a vaccination program is to sustain a sufficiently high level of vaccination coverage so that herd immunity 46 is achieved. When a community has herd immunity, if one child acquires a vaccinepreventable disease, an epidemic will not flourish because of the large numbers of other individuals in the community who are protected by vaccinations. In fact, vaccination coverage levels that are sufficiently high to establish herd immunity must exist for disease to be eliminated. The HP 2010 vaccination coverage objectives are milestones toward the goal of achieving herd immunity. Those milestones must be achieved in small areas such as counties and communities to achieve the goal of elimination in larger areas such as the 50 states and the nation. Surveillance of vaccination coverage in small geographic areas may be useful for local health authorities to make policy decisions to achieve those levels.
